Abstract. β-elemonic acid, a known triterpene, exhibits anti-inflammatory effects, yet research on the pharmacological effects of β-elemonic acid is rare. We investigated the anticancer effects and the related molecular mechanisms of β-elemonic acid on human non-small cell lung cancer (NSCLC) A549 cells. The effects of β-elemonic acid on the growth of A549 cells were studied using a 3-(4,5)-2,5-diphenyltetrazolium bromide (MTT) assay. Apoptosis was detected using Annexin V staining. The effect of β-elemonic acid on the cell cycle of A549 cells was assessed using the propidium iodide method. The change in reactive oxygen species (ROS) was detected using a dichlorodihydrofluorescein diacetate (DCFH-DA) assay with microscopic examination. The expression levels of Bcl-2 family proteins, mitogen-activated protein kinase (MAPK) family proteins and cyclooxygenase 2 (COX-2) were detected using western blot analysis. Our data revealed that β-elemonic acid strongly induced human A549 lung cancer cell death in a dose-and time-dependent manner as determined by the MTT assay. β-elemonic acid-induced cell death was considered to be apoptotic when the phosphatidylserine exposure was observed using Annexin V staining. The death of human A549 lung cancer cells was caused by apoptosis induced by activation of ROS activity, increase in the sub-G1 proportion, downregulation of Bcl-2 expression, upregulation of Bax expression and inhibition of the MAPK signaling pathways. These results clearly demonstrated that β-elemonic acid inhibits proliferation by inducing hypoploid cells and cell apoptosis. Moreover, the anticancer effects of β-elemonic acid were related to the MAPK signaling pathway, ROS activation and glutathione depletion in human A549 lung cancer cells.
Introduction
Cancer is a major public health issue worldwide because of its substantially high rates of morbidity and mortality. Lung cancer is currently the second most common cause of cancerrelated deaths in Taiwan (1) . More than 75% of lung cancers are diagnosed as non-small cell lung cancers (NSCLC). Chemotherapy is always the first choice for NSCLC patients who have a positive performance status. An appropriate chemotherapy regimen can significantly remit clinical symptoms and improve the quality of life of patients with advanced NSCLC. However, with currently available chemotherapeutics, only a modest increase in the five-year survival rate can be achieved in patients with advanced NSCLC (2, 3) . Thus, enhanced chemotherapeutics are required to improve the five-year survival rate.
Numerous cytotoxic chemicals, including anticancer drugs, cause cell death in sensitive cells by inducing apoptosis, at least partially (4). The two major cellular routes involved in cytotoxic chemical-induced apoptosis have been identified: namely, the death receptor pathway and the mitochondrial pathway (5) . In the death receptor pathway, the binding of death receptors with ligands, such as Fas or cross-linking antibodies, results in receptor trimerization. This is followed by the binding of the adaptor molecule, the Fas-associated death domain, to the cytoplasmic domain of the receptor. Subsequent activation of the caspase-3 family includes several effectors and pro-caspases in the caspase cascade (6) . In addition, the mitochondrial pathway relies on the release of cytochrome c from the mitochondria into the cytosol. This process is initiated by the interaction of the mitochondria with one or more of the Bcl-2 family proteins. Thus, numerous Bcl-2 family proteins have been considered to be the major regulators of the apoptotic process, and represent a critical checkpoint within apoptotic pathways, acting upstream of such irreversible damage to cellular constituents (7) . The Bcl-2 family of homologous proteins comprises pro-apoptotic and anti-apoptotic molecules (8) . For instance, Bcl-2 and Bcl-X L have been demonstrated to inhibit apoptosis, whereas Bad, Bak and Bax have been reported to enhance apoptosis (9, 10) . Their anti-apoptotic or pro-apoptotic functions rely on constituting the heterodimers (7) . Furthermore, the ratio of anti-apoptotic to pro-apoptotic proteins also partially determines how a cell responds to apoptotic or survival signals (11) . In certain human cancer cell lines, the expression levels of Bcl-2 and Bcl-X L result in a positive correlation with the prevention of apoptosis induced by various cytotoxic drugs (12) . However, overexpression of the Bax protein sensitizes cancer cells to several chemotherapeutic agents resulting in enhanced apoptosis (12) . These observations suggest that modulation of intrinsic targets, such as Bcl-family proteins, can be a potential strategy for developing anticancer agents.
Cyclooxygenase (COX)-2 is a crucial rate-limiting enzyme involved in inflammatory processes because of its role in producing prostaglandins from arachidonic acid. COX-2 is a downstream target of PPARγ, and PPARγ ligands have been shown to induce COX-2 expression in mammary epithelial cells (13) , monocytes (14) and human synovial fibroblasts (15) . unlike COX-1, which is the constitutive housekeeping isoform, COX-2 is an inducible isoform that can be upregulated by growth factors, cytokines and lipopolysaccharides in a wide variety of cells (16) . Tumor necrosis factor α (TNFα) is a pleiotropic cytokine that plays a critical role in numerous biological effects, including inflammation, by inducing the production of cytokines and pro-inflammatory mediators such as COX-2. Previous studies have shown that TNFα can induce NF-κB-dependent COX-2 expression in A549 cells (16, 17) . ROS have been demonstrated to activate several mitogen-activated protein serine/threonine kinases (MAPKs) that transduce diverse extracellular stimuli (mitogenic growth factors, environmental stresses and pro-apoptotic agents) to the nucleus through kinase cascades to regulate a wide array of cellular processes, including proliferation, differentiation and apoptosis (18) (19) (20) .
β-elemonic acid (13α,14β,17α,20S,-3-Oxolanosta-8, 24-dien-21-oic acid) is a known triterpene that has not yet been used in therapy or investigated for its pharmaceutical effects (21) . Few studies have demonstrated the anti-inflammatory activities of β-elemonic acid (22) . Despite extensive analysis of the antitumor activities of β-elemonic acid, its ability to modulate lung cancer growth has not been effectively characterized. In the present investigation, we studied the quantitative and qualitative changes of several known effectors in the β-elemonic acid-induced apoptotic process in human NSCLC A549 cells.
Materials and methods
Materials and cell culture. β-elemonic acid ( Fig. 1) Human NSCLC A549 cells were maintained in Dulbecco's modified Eagle's medium (DMEM), supplemented with heat inactivated 10% fetal bovine serum (FBS), 100 µg/ml of penicillin, 100 µg/ml of streptomycin and 100 µg/ml of amphotericin B (all from Hyclone, Logan, uT, uSA). The cells were grown in a humidified incubator at 37˚C in a 5% CO 2 /95% air atmosphere. For each experiment, 3x10 5 cells were seeded in 1 ml of fresh medium in a 24-well plate and incubated with or without chemicals for the indicated time. For the cytotoxicity study, the cells were treated with β-elemonic acid during the exponential cell growth phase.
Cytotoxicity assay. The general viability of human NSCLC A549 cells treated with or without β-elemonic acid was determined using the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide] method (23) . The MTT was dissolved in phosphate-buffered saline (PBS) at a concentration of 5 mg/ml and filtered. From the stock solution, 100 µl per 1 ml of medium was added to each well. The plates were incubated at 37˚C for 1 h with gentle agitation. After the reaction with MTT, the medium was replaced with 1 ml of pure DMSO for color development, and the 24-well plate was read by an enzyme-linked immunosorbent assay (ELISA) reader at 570 nm to obtain absorbance density values to determine the cell viability. The viable cells after MTT treatment produced a dark blue formazan product, whereas no such staining formed in the dead cells.
Apoptotic assay by Annexin V staining. The apoptotic status of the cells was evaluated by measuring the exposure of phosphatidylserine on the cell membranes, using apoptosis detection kits (R&D systems). Cells were harvested and resuspended in a staining solution containing PI (50 mg/ml) and Annexin V-FITC (25 mg/ml) for 15 min at room temperature in the dark. The cell apoptosis was examined under a fluorescence microscopic system (Olympus TX 4). DNA content, the cells were contained in the dark with PI 50 mg/l and 0.1% RNase A in 400 µl PBS at 25˚C for 30 min. Stained cells were analyzed on FACSort (Becton Dickinson, San Diego, CA, uSA). The percentage of apoptotic cells was determined using CellQuest software.
Measurement of reactive oxygen species (ROS).
The cells were incubated in the absence or presence (1, 3, or 10 µM) of β-elemonic acid for 24 h. Thirty minutes before terminating the incubation period, DCF-DA (final concentration of 10 mM) was added to the cells and incubated for the last 30 min at 37˚C. The cells were subsequently harvested to detect ROS accumulation by using the ELISA immunoassay method.
Western blot analysis. After exposure to the indicated concentrations of β-elemonic acid, human NSCLC A549 cells were washed with cold PBS. Whole cell extracts were prepared by incubating the cells with a cold lysis buffer (20 mM Tris-HCl; pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton, 2.5 mM sodium pyrophosphate, 1 mM β-glycerophosphate, 1 mM Na 3 VO 4 , 1 µg/ml of leupeptin and 1 mM PMSF). The protein content of the lysates was determined using the detergent-compatible colorimetric (DC) protein assay kit (Bio-Rad, Berkeley, CA, uSA). The cell lysates (25 µg of protein/lane) were electrophoresed on 12% SDS-polyacrylamide gels. The cellular proteins were subsequently transferred to polyvinylidene difluoride (PVDF) membranes by electroblotting for 2 h and western blot analysis was conducted as previously described (24) . The protein levels were visualized using an enhanced chemiluminescence detection kit (Amersham Pharmacia Biotech, Piscataway, NJ, uSA).
Statistical analysis. All experimental data are presented as the mean and standard error (mean ± SEM) from four to five experiments. The statistical analysis of data was performed using a one-way analysis of variance (ANOVA), followed by the Schefft test and P<0.05 was considered to indicate a statistically significant difference.
Results

β-elemonic acid induces cell cytotoxicity in A549 cells but not in normal lung WI-38 cells.
Human NSCLC A549 cells and normal epithelial WI-38 cells were treated with various doses of β-elemonic acid, and cell viability was measured using the MTT assay to assess the cytotoxicity of β-elemonic acid. β-elemonic acid exerted potent cytotoxic effects on human NSCLC A549 cells in a dose-dependent manner ( Fig. 2A) . The IC 50 value following a 24-h exposure to β-elemonic acid was 6.92 ± 0.83 µM. The same dose as that for treating the NSCLC A549 cells did not appear to exert inhibitory effects on human WI-38 cells (Fig. 2B) . In addition, β-elemonic acid also exhibited a decreased cell survival rate in the A549 cells in a time-dependent manner at each of the treatment doses tested (Fig. 3 ). Significant cell death was observed at 10 and 20 µM β-elemonic acid after a 2-h treatment and sharply declined after a 6-h incubation. After a 24-h treatment with 10 and 20 µM β-elemonic acid, the cell survival rate dropped to <40% and 30%, respectively. The exposure of β-elemonic acid for 24 h induced a significant cytotoxic effect on A549 cells in a dose-dependent manner. Therefore, we adopted these conditions in the following experiments to investigate the mechanisms related to β-elemonic acid-induced cytotoxicity. Characterization of β-elemonic acid-induced apoptotic cell death in human NSCLC A549 cells. To characterize whether β-elemonic acid-induced cell death was caused by apoptosis, we examined several hallmarks of apoptosis; namely, early apoptosis and DNA fragmentation, using Annexin V staining or flow cytometric analysis. Fig. 4 illustrates the change in Table I . Evaluation of β-elemonic acid-induced apoptosis in human NSCLC A549 cells. Human A549 cells were treated with the indicated concentrations of β-elemonic acid (1, 3, 10, or 20 µmol/l) or an equal volume of the vehicle DMSO (C, control) and examined after 24 h for DNA degradation (% of hypoploid cells) characteristic of apoptosis using hypotonic PI staining. The hypoploid cells have less cellular DNA content than cells typically found in the G0/G1, S or G2/M phases of the cell cycle, which causes them to retain less PI, a fluorescent DNA stain. The decreased retention of PI by the hypoploid cells shifts their fluorescence intensity leftward on the linear x-axis of the representative histograms (Fig. 4) . a P<0.001.
DNA content distribution in cells treated with β-elemonic acid for 24 h. We examined these cells for degraded DNA characteristic of apoptosis, indicated by hypoploid DNA (sub-G1 phase) content, using PI staining. Exposure of human NSCLC A549 cells to 0 or 3 µM β-elemonic acid promoted approximately the same percentage of hypoploid cells observed in the DMSO-treated control (Fig. 4A-C and Table I ). As the treatment dose increased, the percentage of cells in the hypoploid (sub-G1) phase increased accordingly. Following treatment with 10 and 20 µM β-elemonic acid for 24 h, the percentage of sub-G1 phase cells increased by 6.72±0.87 and 19.37±3.02%, respectively ( Fig. 4D and E; Table I ). The number of apoptotic cells, which carry fragmented nuclear particles, was significantly increased in the β-elemonic acid-treated cells in a dose-dependent manner (Fig. 4F ).
In addition, treatment with 20 µM β-elemonic acid resulted in a cell percentage of 58.01±3.51% in the G0/G1 phase, compared with 76.99±0.60% in the vehicle-treated cells (Table I ). The percentage of cells in the S phase increased from 6.92±0.43% in the vehicle-treated cells to 10.33±0.36% in the cells treated with 20 µM β-elemonic acid after 24 h of exposure. We also observed a slight increase in the proportion of cells in the G2/M phase from 13.48±0.17% in the vehicle-treated cells to 15.33±0.70% in the cells treated with 20 µM β-elemonic acid after 24 h of exposure, but with no significant difference. These results demonstrated that β-elemonic acid induced human NSCLC A549 cell cytotoxicity by inducing apoptosis.
Exposure of phosphatidylserine on the cell surface is an early event in the onset of apoptosis, which has strong binding affinity for Annexin V in the presence of calcium. Human NSCLC A549 cells were incubated with various concentrations of β-elemonic acid, and the cells were stained with Annexin V-FITC to assess the apoptotic population. The fluorescence examination revealed that the β-elemonic acid-treated cells showed early apoptotic morphological change and increased fluorescence intensity (Fig. 5) . The induction of early apoptosis was significantly increased in the β-elemonic acid-treated cells in a dose-dependent manner. Thus, β-elemonic acid induced human NSCLC A549 cell death via an apoptotic pathway.
Regulation of Bcl-2 family proteins in β-elemonic acid-treated non-small cell lung cancer cells.
To determine whether Bcl-2 family proteins are modulated in the β-elemonic acid-induced apoptosis in human A549 cells, we examined the expression of several members of the Bcl-2 family proteins using western blot analysis. Fig. 6 indicates that the exposure of human A549 cells to 1-20 µM β-elemonic acid resulted in a significant decrease in Bcl-2 protein expression, and a marked increase in Bax protein expression. However, the level of Bcl-X L protein was not affected by β-elemonic acid treatment.
Regulation of the MAPK signaling pathway in β-elemonic acid-treated A549 lung cancer cells. using western blot analysis, we investigated the effect of β-elemonic acid on the phosphorylation of p42/44, MAPK/JNK and p38 MAP kinase. β-elemonic acid inhibited phosphorylation of p42/44, MAPK/JNK and p38 in the A549 cells (Fig. 7) in vitro. The phosphorylation of p42/44 MAP, MAPK/JNK and p38kinase were inhibited by 10 µM β-elemonic acid.
Effects on ROS activity and COX-2 protein expression by β-elemonic acid in human A549 lung cancer cells.
The results obtained in the present study provided profound evidence that β-elemonic acid exhibited oxidative injury in A549 cells. using the DCFH-DA assay, the results revealed that β-elemonic acid induced ROS levels (Fig. 8) . We examined the effects of β-elemonic acid on COX-2 expression in A549 cells, and the expression of COX-2 proteins was examined using western blot analysis. Fig. 9 indicates that the exposure of human lung A549 cells to 1-20 µM β-elemonic acid resulted in a marked increase in COX-2 expression. COX-2 protein was modulated in the β-elemonic acid-induced apoptosis in human lung A549 cells.
Discussion
We demonstrated that β-elemonic acid strongly inhibited the growth of human NSCLC A549 cells. This is a pioneering study of β-elemonic acid-induced cell cytotoxicity in human lung cancer cells. We observed that β-elemonic acid exerted no effect on the growth of human normal epithelial WI-38 cells, consistent with data showing that β-elemonic acid exerts a growth inhibitory effect on cancer cells, but not on normal cells. Therefore, β-elemonic acid is an excellent candidate for human NSCLC therapy without toxicity for normal cells.
Our results revealed that human A549 cells treated with β-elemonic acid exhibited characteristic morphological features of apoptosis, such as membrane shrinkage and chromosomal condensation. The hypothesis that β-elemonic acid-treated cells undergo apoptosis rather than necrosis was further supported by the results from the cell cycle analysis. The proportion of hypoploid cells (sub-G1) was markedly increased after β-elemonic acid treatment. These results support the finding that β-elemonic acid induces cell death via an apoptotic pathway.
Cytotoxicity disrupts the cell cycle progression followed by an accumulation of cells in one or more cell cycle phases. An accumulation of human A549 cells at the S phase occurred in a concentration-dependent manner after treatment of the cells with 20 µM β-elemonic acid after 24 h of exposure. These results demonstrated that β-elemonic acid induced S phase arrest in the cell cycle progression in human NSCLC A549 cells, and strongly implies impaired mitosis due to arrest in the S phase. This cell cycle behavior after exposure to β-elemonic acid was relatively similar to the dictamnine cytotoxicity effect on A549 cells (25) . The cell cycle disruption might partially be explained by the checkpoint response from DNA damage or other mechanisms that require further investigation.
Human NSCLC A549 cells treated with β-elemonic acid exhibited characteristic morphological features of apoptosis, such as membrane shrinkage and chromosomal condensation. Apoptosis is also accompanied by a loss of membrane phospholipid asymmetry, resulting in phosphatidylserine exposure at the cell surface. Phosphatidylserine expression at the cell surface plays a crucial role in the recognition and removal of apoptotic cells by macrophages (26) . The hypothesis that β-elemonic acid-treated cells undergo apoptosis rather than necrosis was further supported by the result from the binding of fluorescein isothiocyanate-labeled Annexin V to phosphatidylserine. Exposure of phosphatidylserine on the cell surface is an early event in the onset of apoptosis, which has strong binding affinity with Annexin V in the presence of calcium. In our results, the number of Annexin V-positive human NSCLC A549 cells was markedly increased after β-elemonic acid treatment in a dose-dependent manner. Therefore, we inferred that β-elemonic acid induced cell death via an apoptotic pathway.
Several mechanisms for activating apoptosis under various physiological or pathological conditions in cells have been proposed and studied intensively (27) . Numerous factors, such as the expression of Bcl-2 family proteins and the MAPK signaling pathway, have been suggested to play an essential role in the apoptotic process in cancer cells. The Bcl-2 family of proteins controls a critical step in commitment to apoptosis by regulating the permeability of the mitochondrial outer membrane. The family is divided into three classes: i) the BH3 proteins that sense cellular stress and activate, ii) the executioner proteins Bax or Bak that oligomerize and break down the mitochondrial outer membrane potential and iii) the anti-apoptotic members such as Bcl-2 that impede the overall process by inhibiting both BH3 and executioner proteins (28) . As evidenced by western blot analysis, our results demonstrated that β-elemonic acid-mediated apoptosis was involved in Bcl-2 downregulation rather than Bcl-X L to execute Bax oligomerization. Activated Bax enters the mitochondrial outer membrane, forming oligomers that lead to membrane poration, release of cytochrome c and apoptosis.
The MAPKs are a family of kinases that transduce signals from the cell membrane to the nucleus in response to various insults. MAPKs are serine/threonine kinases that phosphorylate substrates that regulate gene expression, mitosis, proliferation, motility, metabolism and programmed apoptotic death (19) . ERK1 and ERK2 are well-characterized MAPKs activated in response to growth stimuli. Both JNKs and p38-MAPK are simultaneously activated in response to a wide range of cellular and environmental stresses, such as changes in either osmolarity or metabolism, DNA damage, heat shock, ischemia, inflammatory cytokines, or oxidative stress (29) . In our experiment, presented in Fig. 7 , β-elemonic acid inhibited phosphorylation of these MAPK pathways in a dose-dependent manner and the difference was significant at a concentration of 10 µM.
Numerous in vitro studies have revealed that cancer cells exhibit increased intrinsic ROS stress, increased metabolic activity and mitochondrial malfunction. Because the mitochondrial respiratory chain (electron transport complexes) is a primary source of cellular ROS generation, the vulnerability of the mitochondrial DNA to ROS-mediated damage appears to be a mechanism to amplify ROS stress in cancer cells (30) . To assess the cytotoxicity produced by β-elemonic acid on NSCLC A549 cells, we investigated the role of oxidative stress in ROS generation. The effect of β-elemonic acid on oxidative stress was analyzed using various concentrations at distinct incubation periods. The time-dependent increase in ROS formation presented in Fig. 8 suggests that ROS generation is a crucial mechanism of action, which might contribute to the cytotoxicity of β-elemonic acid in NSCLC A549 cells. Generation of intracellular ROS depletes glutathione (GSH), reduces superoxide dismutase (SOD) enzyme activity and increases lipid peroxidation in cells, which inevitably results in cell death.
The NSCLC A549 cells possess the capacity of expressing COX-2 activity during tumorigenesis by enhancing the expression of angiogenic chemokines CXCL8 and CXCL5 (31) . COX-2 is a downstream target of PPARγ and its correlation between NSCLC A549 cells has emerged in numerous studies (32) . Transcriptional upregulation of COX-2 activity was also observed in an interleukin-1β-treated A549 cell line (33) . Consequently, strong evidence supports the positive correlation between enhanced COX-2 activity and tumor growth. The western blot analysis presented in Fig. 9 revealed that β-elemonic acid increased COX-2 activity in the NSCLC A549 cells. Despite the unexpected result from our study, we deduced diverse COX-2 activity responses after various stimuli were applied to NSCLC A549 cells.
In summary, our findings suggest that treatment with the anticancer drug, β-elemonic acid, caused cell death through apoptosis rather than necrosis, inducing cell cycle arrest at the S phase and apoptosis via the MAPK signaling pathway in NSCLC cells. Our findings provide insight into the molecular action of β-elemonic acid involving COX-2 activity and ROS generation in A549 cells and provides clues for understanding the biological activities of β-elemonic acid for the treatment of NSCLC.
